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Outline

Aspects of CGC calculations for EIC processes
» Power counting

» Probes of saturation at EIC:

» Evolution

» Inclusive

» Diffractive

» Heavy quarks

» Jets, azimuthal correlations

» EIC kinematics, experimental signals for saturation

Disclaimer: trying to give broad brush picture of status, no details . ..
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Eikonal scattering off target of glue

How to measure small-x glue?
» Dilute probe through target color field
» At high energy interaction is eikonal
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Eikonal scattering amplitude: Wilson line V
X+ pl QVGS. S
V =Pexp {ig dytA-(y" ,x,x)} & V(x) o N% X
XT—00 ZO.G* - / .
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» Amplitude for color dipole o y : w1/ ]
N(r=x-y])=1 _<]TrVT(x)V(y)> O m"'ol ;

NC 'QCD

» 1/Q;is Wilson line L correlation length
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Power counfing
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Dilute-dense process at LO

Physical picture at small x

DIS Forward hadrons in pA

q(x, &) Dqsn(z, &2)

» v* — gq dipole interacts with target » g/g from probe: collinear pdf
color field » |amplitude|? ~ dipole
> Total c2:ro|ss sec’rlTonf: . . itud » Independent fragmentation
xXIm-parTt o — amplituae
P " v e » Produced g/g pr from target: ~ &
“Dipole model”: Nikolaev, Zakharov 1991, Mueller : o : » .
Fits to HERA data: e.g. Golec-Biernat, Wisthoff 1998 “Hybrid formalism”; Dumitru, Jalilian-Marian 2002
y o

Both involve same dipole amplitude N ' =1-S
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Dilute-dense process at LL

Add one soft gluon: large logarithm of energy/x

DIS

q*
kg

» Soft gluon: large logarithm

dkg 1
— 9 ln—
Sin ,

Xg kg XBJ

v

Forward hadrons

Q(X, Q2) q%h(zv @2)

» Soff gluon k* — 0: same large log

» Collinear gluon k; — O:
DGLAP evolution of pdf & FF
Dumitru et al 2005

v

Absorb large log into renormalization of target: BK equation Baiitsky 1995, Kovehegov 1999
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Dilute-dense process at NLO

Add one gluon, but not necessarily soft

Forward hadrons

DIS
q" q(x, &2 z, Q2
7 = kg/q+ ( ) q—>h( ) )
» DIS impact factor » NLO single inclusive
Balitsky & Chirill 2010, Beuf 2017 ) Chirill et al 2011

» Leading small-k* gluon already in BK-evolved target

» Need to subtract leading log from cross section:
absorb in BK

Tsub

UNLOZ/dZ[U(Z)—U(Z=0)+ o(z=0) zzg

tot
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NLO to NLL

NLO evolution equation:
» Consider NNLO DIS
» Extract leading soft logarithm

» Lengthy calculation:
Balitsky & Chirilli 2007

» But additional resummations needed
for practical phenomenology

(+ many diagrams at same order)
» o21n%(1/x): two iterations of LO BK
» a?In1/x: NLO BK

» o2: part of NNLO impact factor (not
calculated)
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Summary: power counting

LO LL NLO NLL NNLO NNLL
N e — . ————

AR
o ~|0(0) + O(asin 1/x)|+ O(as)|+ O(aZIn 1/x) + O(a?) + O(adIn1/x)

So where are we?
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State of the art

8/16



Evolution

> Mean field limit = BK equation, { - VIV VIV) ~ (FVIV) (F ViV
» NLO equation derived Balitsky, Chirilli 2008
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7 Ki @ [S(X)S(Y) = S(N] +

+

x\N

X
» However, as written, plagued by instabilities from large transverse logarithms.
— Need to resum Beuf 2014, lancu, Triantafyllopoulos et al ~ 2015
In fact, LO equation + resummation can capture most NLO effects T.L., Mantysaari 2016
— State of the art in phenomenology

» NLO JIMWLK evolution: for Wilson lines V' with “open index”
Ballitsky, Chirilli 2013, Lublinsky, Mulian et al 2013, partially Grabovsky 2012, Caron-Huot 2015

» But so far in “Focker-Planck” form.
» To solve would want “Langevin” form, not available yeft.
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Inclusive DIS cross section

» Work in “dipole factorizatfion,” first need * i i
~v* — gq wavefunction at NLO: O
1.2r
1 loop
—_—— & 10f
+ 'l/ﬂ e ® |QC_TIQ>0 +... 0.6F
Beuf 2016, T.L., Paatelainen 2017 0.4r . . J
. 107 1071 1073 1072
» Then square, cancel divergences, rpj

factorize into BK
» First fits to HERA H. Hanninen, T.L., H. Mantysaari 2020
» Why fits? Factorization scheme details,
BK resummations ...
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Diffractive DIS

» Smoking gun for saturation
» Quadratic in “gluon density”
» NLO Calculation in dipole picture:
use same v — ggq LCWF
» Then project to final state
» Vector meson: need wavefunction
» Jets: calculable
» Total diffraction (FP) : calculable
» Status: NLO calculations exist
e.g. Boussarie et al 2014. Caucal et al 2021
but phenomenology still at the level of LO

» More in other talks: lancu, Méntysaari
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Heavy quarks

Elephant in the room: simultaneous F, & FS difficult even at LO

» Until recently NLO only form =0
» Charm is large fraction of F,

» Beuf, Hanninen, T.L. M&ntysaari 2021
Can fit interpolated “light quark-only” data S T A
with NLO dipole picture 0.8

» Result: good x?, but parameters unnatural 0.6

» Lesson: F, is not ideal for dipole picture O weree it o i
(known: aligned jet configurations)
= F, and F§ for more reliable probes.

Luckily, situation is changing

» v* — qQg 4 1-loop wavefunctions with mq # O: Beuf, TL., Paatelainen 2021 and t.b.p
» First applications: exclusive vector mesons (with NRQCD) Méantysaari, Penttala
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Jets, correlations

> Qs a fransverse momentum scale 0.50

, , e s2cev Y
= generically expect effects in p [ s o g gey | cp smeared
i 040 P17 Pr ocA 1
correlatfions 02 <o 1 <04 [2ean smeared |
» Dihadron correlations, angular modification | — 3| ;
A S VN V5 =90 GeV
But how realistic Hatta, Xiao, Yuan, Zhou 2021 ? < i
» Wigner distribution Yuan © 0204
0.10
0.00
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Comment on kinematics
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EIC kinematics: how low do you go?

100 - 10° T T T 10
E  Measurements with Az 56 (Fe): EIC SIMULATION EIC SIMULATION
[ o eAWADIS (E-139, E-665 EMC, NMC) Kinematics for J/ip DVMP. Kinematics for Y DVMP.
s B-12 18 GeV on 275 GeV (100fb) 18 GeV on 275 GeV (100f
10% = = VADIS (CCFR, CDHSW, CHORUS, NuTeV) *
E DY (E772, E866)
E DY (E906)
<L <ok
% 10% 10? A 3 10? o
E £ ] g
e F H s o3
G 10 b
G OE gy o
-pirlwbnhva
E non-perturbail
L 10k 1 L 10 L L ! L 1
o1 L 10° 10" 10° 107 107 1 10° 10" 10° 107 107 1
10° 104 X x
v v

» Charm: x > 103, beauty x > 102
» For x =0.01, & < 5GeV? = Not huge leverarm in In 1/x, In &°

» EIC YR starts talking about jets at pr > 5GeV. Lower than pp, but not low x
—> small-x calculations need to be for hadrons, not jets
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E.Q. different versions of resummed BK

Beuf, Hanninen, T.L. Mantysaari 2021

KCBK fit 0.7F KCBK fit
3.5 k- ResumBK fit S ] ResumBK fit
——- TBK fit 0.6 F-—- TBK it
3.0F LOBK fit LOBK fit

HERA data fit, Bal +SD 0.5 "ERA data fit. Bal+SD

|~ S ’
2.5 ok = tosk = In gh; Yopk = mopx = Ingh

~ rpy = 5.6-107° ~ 0.4 fzg=56-10-°
LL. 2.0F
15 0.3
1.0 0.2r
0.5F 0.1
0.0 e e 0.0 E—— e
1.0 10.0 100.0 1.0 10.0 100.0
Q* (GeV?) Q* (GeV?)

Differences between versions of resummed BK smalll, even at LHeC kinematics
(Once adjusted to same HERA data)

+ predictions are robust
- will not distinguish experimentally
» Transient effects, factorization scheme important! 15/16



Conclusions

v

Calculations of many EIC processes advancing to higher order in as
in saturation region — but much work to do yet.

Formula for cross section £ numbers on plot:
factorization, resusnmation schemes

v

v

Personal opinion:
Intricate details of evolution, jets at small x hard to access in EIC kinematics

Goal (?) : coherent, consistent description of variety of processes:
inclusive, diffractive, exclusive processes, light, heavy quarks

v

Apologies for very biased selection of references, could not cover everything! J
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